We develop an approach for incorporating both medium and off-shell effects in the calculation of full-folding nucleon-nucleus optical potentials for elastic scattering. The approach is based on a Hexible scheme for calculating the nucleon-nucleon effective interaction in the nuclear medium. Using this scheme, we calculate a fully off-shell, energy-dependent effective force which includes effects arising from Pauli blocking and the nuclear mean Beld via an interacting nuclear matter model. Calculations of the elastic scattering observables for p+ Ca and for p+ Pb at energies between 30 and 400 MeV are presented and discussed. We also study total cross sections for neutron scattering off Ca, Zr, and Pb in the 5 -400 MeV energy range. The theory gives a reasonable overall description of the data in the energy range under study.
I. INTRODUCTION
Elastic nucleon scattering from nuclei continues to challenge and advance our understanding of the basic microscopic mechanisms which determine the nonrelativistic nuclear dynamics [1] . The ability to include explicitly on-and ofF-shell efFects [2 -4] and the presence of a bound-state singularity [5] in the underlying internucleon force when calculating the scattering observables, mainly in the 200 -400 MeV energy range, has provided a new way to better understand the scattering data, particularly spin observables. The simple phenomenological picture of the interaction of nucleons with nuclei has, to a large extent, given way to microscopic theories characterized by the calculation of the elastic channel average nucleon-nucleus (NA) interaction, the optical potential model.
To first order, a common assumption underlying the most recent intermediate energy nonrelativistic optical potential models is that the effective nucleon-nucleon (NN) force can be approximated by the free NN t matrix [1 -4] . The expectation is that, at sufBciently high incident energies, medium eKects such as Pauli blocking and the nuclear mean field are of secondary importance in determining the scattering observables. Based on this assumption, two main lines of research have been developed to evaluate the leading term of the nucleon-nucleus optical potential corresponding to the single scattering approximation in a multiple scattering series expansion. One of them is the full-folding model [4] which treats explicitly the o8'-shell behavior and energy dependence of the NN t matrix when convoluting the e8'ective internucleon force with the target ground state mixed density. The other approach is based on an expansion about the so called "tp" approximation [1 -3,6] . In these tp models the assumption made is that the oK-shell and energy dependence of the NN t matrix is weak enough to allow, in momentum space, a factorized expression for the optical potential as the product of the target density with an on-shell or ofF [5] . Indeed, a careful treatment of the pole singularity in the deuteron channel of the t matrix leads to results that make the validity of the tp approach questionable as a reasonable starting point to which medium and higher order contributions should be added.
In order to improve our current description of NA scattering beyond. the &ee t-matrix approach and extend the range of energies where the microscopic optical potential is accurate for describing data, it is important to develop a model which contains the most distinctive features of the full-folding approach as well as a realistic account of explicit medium effects. Extensive work has been done in the past towards achieving this goal based on what is generally known as the folding model for the optical potential [7 -10] . This model relies on a local density argument to obtain an efFective internucleon force &om infinite nuclear matter calculations. Further averaging procedures are devised to obtain a local effective force which depends on the density of the target nucleus as well as on the energy of the incident nucleon. Although quite successful in describing the scattering data, mainly in the 100 -200 MeV region, the folding model treats indirectly the off-shell properties and the intrinsic energy dependence of the effective force. Furthermore, with the construction of such a simplified local effective interaction it becomes impossible to identify unambiguously the role and importance of eKects due to the nuclear medium relative to genuine off-shell contributions.
Recently, some effort has been inade [11, 12] to improve the calculation of the optical potential starting &om the NN t matrix. With the use of the tp approximation for the leading term of the optical potential, medium efFects have been introduced to second order when considering particle propagation in the finite target nucleus [ll] . Al- [12] with corrections to the optical potential coming &om binding energy and Pauli blocking effects. Whether these approaches will be successful in providing a systematic description of the data remains to be seen as they have only been applied to NA scattering above 80 -100 MeV and to lighter targets (A ( 40) .
In this paper we develop a framework to account for medium effects in the calculation of the nonlocal and energy-dependent effective internucleon force and then generalize the full-folding model to include these effects in the calculation of the NA optical potential. Our approach to the calculation of the effective NN interaction provides a formalism which can be used as a starting point for simplifying schemes in subsequent calculations. For example, the idea of the local density approximation [7] for the optical potential can be derived as a limiting case of this more general approach. In principle, the effective NN interaction depends on specific properties of the target nucleus and its excitation spectrum. However, most nucleon scattering data and the associated phenomenological analyses suggest that the NA optical potential depends primarily on gross properties of the target nuclei rather than on particular details [13] . Based on this fact, we use a global singleparticle model based on infinite nuclear matter to describe the particle propagation in the nuclear medium rather than a target -specific model. Thus we incorporate average medium effects throughout the density of the target nucleus. The resulting effective force can be identified with the nuclear matter g matrix. Nevertheless, as will be shown, we do not need to invoke The problem of constructing an in medium effective interaction starting &om the bare internucleon force is crucial for evaluating the NA optical potential. Also, it plays a central role when evaluating a diversity of microscopic processes involving two nucleon transitions from an initial to a Anal state.
Our approach assumes that only two-nucleon correlations are important in the nuclear medium while other nucleons propagate without interacting with the pair [14, 15] . In this context, the most important point relates to the construction of a two-nucleon propagator which determines the characteristics of the effective force. Since this calculation is very diKcult for a finite nucleus, we shall eventually introduce an interacting nuclear matter model to describe the nuclear excitation spectrum. Once the effective interaction is constructed we discuss in Sec.
III the calculation of the NA optical potential in the fullfolding &amework.
Let us consider the simplest model for a general twonucleon force I" (~) which accounts for multiple scattering of the nucleons to all orders in the ladder approximation [14, 15] . Then, for an initial or starting energy w, I" satis6es the integral equation
where V corresponds to the bare N% potential and A(w) is a two-body propagator for nucleons propagating in the intermediate states. (17) , f
. (14) This new structure for the effective force will be applied later in this paper to the calculation of the nucleonnucleus optical potential.
with m the nucleon mass, 5 = 1 and U"(k;k~) the complex self-consistent mean field at ky. The problem arises as to how the nuclear matter particle spectral function may be related to the corresponding spectral function of a finite system. We adopt the widely used prescription B. The two-body propagators
As mentioned previously, the other important issue related to the calculation of an effective force is the specification and construction of a propagator which describes adequately the propagation of the nucleon pair in the intermediate states. This consideration enters explicitly in the calculation of either the f matrix in Eq. (10) or the approximate g matrix in Eq. (13) .
Quite generally, the reduced two-body A propagator is obtained &om the two-body A propagator through Eq.
(7). On the other hand, the A propagator in a manybody system can be expressed as [15] p(R) = , k~(R), 
where A(z) is the single-nucleon spectral function [15] and q; are the single-particle momenta. The alternative models one might choose to describe the nuclear excitation spectrum determine the properties of the spectral function A(z) and, therefore, of the two-body propagator.
In this work, we consider a symmetric, interacting I where r = x -x'. Introducing the average and transferred momenta,
and integrating over the relative coordinate r we obtain for the particle spectral function
A "(Pq -2pq, P) + 2pq., z) = A"(Pj, pq. , z)
The calculation of the two-body A propagator is now straightforward. Introducing Eq. (22) for the particle spectral function in Eq. (15) for the two-nucleon propagator, and neglecting the delocalization of the two particles in the medium when integrating over the spatial coordinates, k~B+ 2r -k~B (23) we obtain for the A propagator, expressed in the c.m. (Q) and relative momentum (q) coordinates for the nucleon pair [Eq. (2) ], q' AM;q =bq-q' XA 21 + '; -';q~ ( 24) with +I -, '(Q+Q');(Q -Q');q;~I =, dRe* (~~) A, (g(u;k~(R)), l (2~)' (25) NM and A is the nuclear matter single-particle propagator [16] at the Fermi momentum kÑ This result completes our scheme for calculating the internucleon effective force E which, in the g-matrix approximation, is given by Eq. (14) . It is interesting to note that although we use a local density ansatz to construct the single-particle spectral function in the quasiparticle approximation, the resulting effective force P only displays a functional dependence on the density of the target nucleus. Indeed, the density only enters in determining the radial (R) dependence of the g matrix in Eq. (13) .
Equations (24) - (26) for A(u) represent a particular two-body propagator for nucleons in a finite nucleus. The interacting Fermi gas used to calculate this propagator averages the effect of the gas throughout the nucleus via the local density ansatz used to construct the single-particle spectral function in Eq. (22) . We remark, however, that the local density ansatz expressed by Eqs. (16) -(1S) need not be used as a means of modeling the two-body propagator in a finite nucleus and therefore for calculating the effective force E. Other more realistic models could be used to account for this effect. In this sense the present approach is general and departs notably from more intuitive ways used to define an effective force [7] [8] [9] [10] .
The reduced A propagator required to calculate either the f or the g matrix, Eq. (10) or (13) , respectively, is obtained directly from Eqs. (7) and (24),
III. THE OPTICAL POTENTIAL
In this work we focus on investigating the role of medium effects in the leading term of the optical potential. The NA optical potential for a nucleon of energy E can be cast, in momentum space, as the antisymmetrized matrix elements of the NN effective interaction [1 -4, 14,18,19] , U(k, k;E) = ) (k if~E(E + E )~k;q4), (29) cx(eF with (P, e ) the single-particle wave functions and energies of the target ground state; k and k' are momenta associated with the scattered nucleon. Using the twobody force F(ur), as expressed in Eq. (5), we obtain
where we have denoted
with K and q defined by 
dRdR'dPd e'~W (R''; P) e'"'f , g"", (E+ e ) d+ -, 'ii) (35) Now we realize that the role of the momentum p in Eq. (35) is to give a measure of the delocalization of the average bound nucleon (R') with respect to the average incoming particle (R). Since (35) and (36) for U provide a framework for developing the local density (and other) approximations.
In this way, our derivation overcomes some of the heuristic arguments often used to relate nuclear matter and finite nucleus results.
In the limit of a medium independent internucleon interaction, as in the case when using the &ee NN t matrix as the effective interaction, we recover the expression for the full-folding optical potential used in some of our earlier work [4, 20] , namely U(k', k; E) -+ U (k ', k; E), with U (k k;E) = ) f [20] . In this case, Eq. (36) reduces to
1 (2') s dpe 'R "p(P+ -'p, P '--'pQ. (39) The other simplification refers to using an approximate form for the mixed density [20, 21] , namely p(P+ -p, P --pQ = p(p; P)
with k(R) a local mornenturn function given by either the Slater or Campi-Bouyssy approximations [21] , and j(R) = k~(R). (41) In this case the signer transform takes a simple form given by
with p the target ground state density. Using this result in Eq. (38) we obtain an explicit expression for the optical potential in the g-matrix approximation, with W(R; P) the Wigner transform of the target mixed density, W(R;P) =) W. (R;P)
In actual calculations Eq. (43) with e(k; k~) the single-particle energy in nuclear matter given by Eq. (6) . An alternative approach is to calculate e &om realistic single-particle energies in the target nucleus [20] , but we find that the different prescriptions make no major differences in the calculated observables as will be discussed in the next section.
IV. RESULTS
In this section we report results obtained &om the theory developed in Secs. II and III. The full-folding optical potentials given by Eq. (43) were calculated following the general procedure outlined elsewhere [4] . The effective internucleon force, the g matrix, was calculated using correlations obtained &om infinite nuclear matter. Ap 
using the continuous prescription [16] Fig. 1 we present the real part of UNM as a function of the momentum k for several values of k~. In Fig. 2 we show the corresponding imaginary part of U". Our results for the Paris potential agree with other similar calculations [24, 25] .
Another consideration in the present calculations was the treatment of the deuteron singularity in both the g and the t matrix. As discussed recently [5] , a correct cal- near the deuteron bound state. In this region the efFective force varies rapidly as a function of the total momentum of the interacting pair. Although this aspect was addressed in the context of the free t matrix, similar features are observed in the case of the g matrix for finite (nonzero) density. The effects in the case of the g matrix are less pronounced than in the t matrix case, with the pole singularity following a trend similar to that reported in studies of the propagation of deuterons in nuclear matter [26] . We have adapted our computing codes in order to evaluate deuteron contributions in the calculation of the optical potential [5] .
B. Proton elastic scattering
Applications were made for elastic scattering of protons on 4oCa and 2osPb. The nuclear density for Ca was determined from a single-particle model using a WoodsSaxon parametrization for the mean field to fit the rms radius of the point-proton density determined from electron scattering and to experimental single-particle energies [20] . The average single-particle energy e for protons and neutrons (K"and e ) was estimated from the interact- [28, 29] , 40 [30, 31] , 65 [32] , 80 [33, 34] , 160 [33, 34] , 181 [34, 35] Ca and Pb at 300 MeV show relatively small differences between the g and t matrix approaches. At 400 MeV, however, we note an increase in the difFerences between the two approaches, particularly for Pb, which supports the fact that medium effects are still relevant at these energies. These difFerences are due to the nature of the physical content of the NN effective force. The free tmatrix propagator does not account for Pauli blocking nor nuclear mean fields. function to unity, respectively. obtained setting the nuclear mean 6eld to ze self-consistent Gelds are set equal to zero. The scattering data has been omitted. As MeV. Thus we expect that the Pauli blocking will be the dominant efFect around 300 MeV. At 400 MeV the role of both blocking and the mean field is again sizeable, more in the analyzing power than in the cross section. In this case, the sensitivity to UNM is due to the repulsive character of the mass operator ( Fig. 1 ) at this energy.
The role of medium effects at beam energies above 400 MeV has also been investigated in the context of both relativistic [40] (tp-type) and nonrelativistic [10] First, the size of the system being studied Pb.
See text for reference to the data.
changes considerably, and second, the isovector part of the NN interaction participates.
In Fig. 10 we present calculations and data [41, 45] of total cross sections (crT) for neutron scattering from 4 Ca, Zr, and
Pb as a function of the neutron incident energy. The solid curves correspond to calculations based on full-folding optical potentials with medium effects treated as described earlier in this paper. It is worth noting that although these full-folding calculations do not describe crT (E) in detail, they do follow, on average, the energy dependence of the respective data, even at energies as low as 5 MeV. We also observe that for the heavier nuclei, particularly Pb, the data exhibit more structure than the calculated oz. This feature is different from that exhibited by phenomenological calculations where the cross section is overestimated but its structure is accurately reproduced [43] . We should einphasize that the present calculations include the symmetry potential through the treatment of the folding of the effective force with the neutron and proton densities. In Ref. [43] the neutron o T was calculated by simply turning off the Coulomb part of the proton-nucleus potential.
Recent results [44] based on a refined tp approach to the optical potential with nuclear medium modifications are in good agreement with experiment for light nuclei. Our findings for Ca are of similar quality but over a wider range of energy. We estimate, however, that definite conclusions on the theory cannot be drawn until calculations for heavier nuclei are performed using both approaches. To reinforce this point we show in Fig. 11 the exact total cross sections for neutron scattering off Ca and Pb (full curves), as in Fig. 10 , together with those calculated using the &ee off-shell t matrix as the effective internucleon force (dashed curves). In both calculations, the presence of the deuteron and its efFects on the absorptive part of the optical potential are fully included [5] . For the 4oCa target we observe that both results are relatively close, notably in the 10 -50 MeV range. How Fig. 10 , and the dashed curves correspond to or obtained using the free t matrix.
V. SUMMARY' AND CONCLUSIONS
In this work we have addressed the problem of calculating the optical potential for NA elastic scattering when nuclear medium effects are treated within the fullfolding context. In order to achieve this goal we developed a scheme for calculating the effective NN interaction and suggested some plausible approximations to obtain a readily workable model. Our approach provides a general &amework for understanding how nucleons interact in the nuclear medium; the range of applicability of the approach can be extended well beyond the NA scattering problem. The effective force was calculated using an interacting infinite nuclear matter model while describing the propagation of particles in the medium, although more realistic, target-specific, models could be used within the same formalism. Nevertheless . Since all calculations presented here treat the o8'-shell contributions accurately and on the same footing, the differences in the scattering observables between the two models for the NN interaction can be attributed exclusively to medium effects. Furthermore, since no localization procedure is carried out to construct a simpler effective interaction, we have been able to isolate sources of sensitivity of elastic scattering observables obtained from the corresponding optical potentials.
On the other hand, we have observed that applications of the medium-corrected full-folding calculations presented here are qualitatively superior in the case of proton scattering on Pb than on Ca. This observation is consistent with the closer resemblance that Pb has to an extended system than does Ca. The nuclear matter two-body propagator we have used for calculating the effective interaction is less justifiable at the surface of the nucleus than in its volume due to the fact that the range of the nuclear correlations is comparable to the diffuseness of the nucleus at the surface. Furthermore, as the volume of the nucleus increases, the &action of volume contributions increase relative to the surface ones. This observation and the assumption of the dominance of one-step processes should favor applications for heavier systems.
We have also investigated the relative importance of medium effects by studying the sensitivity of scattering observables to Pauli blocking and the nuclear mean field. We observe that these two aspects play a noticeable role over the full range of energies considered here. Although medium effects at 400 MeV seem to be less important than at the lower energies, the scattering observables are still visibly affected by the inclusion of blocking and the mean fields.
The calculation of total cross sections and comparison with the data for neutron scattering &om Ca, Zr, and Pb provided another interesting test of the microscopic optical potential, now in the 5 -400 MeV energy range. The average magnitude of the total cross section, as a function of the energy, is well reproduced. However, the data show more structure than the calculations as the mass (and size) of the target and therefore its neutron excess increase.
Overall we conclude that the med. ium corrected fullfolding calculations provid. e a quite reasonable description of the elastic scattering data at energies between 30 and 400 MeV for proton scattering on Ca and 2 Pb and total cross section data for neutron scattering between 5 and 400 MeV. DiKculties do remain, however, in the description of spin observables at momentum transfers below 1 fm . These difBculties were also noted in previous studies based on full 
